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013.05.0Abstract Voltage boosting is very essential issue in renewable-energy fed applications. The classi-
cal two-stage power conversion process is typically used to interface the renewable energy sources to
the grid. For better efﬁciency, single-stage inverters are recommended. In this paper, the perfor-
mance of single-stage three-phase grid-connected boost inverter is investigated when its gain is
extended by employing over-modulation technique. Using of over-modulation is compared with
the employment of third order harmonic injection. The latter method can increase the inverter gain
by 15% without distorting the inverter output voltage. The performance of extended gain grid-con-
nected boost inverter is also tested during normal operation as well as in the presence of grid side
disturbances. Simulation and experimental results are satisfactory.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
A number of power conversion circuits have been based on
extensions of the three primitive single-stage power converters,
namely, the buck, boost, and buck–boost converters. The1268725; fax: +20 3 5921853.
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06voltage source inverter can be categorized as a buck converter
extension, since its output voltage is less than its input. The
current source inverter can be categorized as a boost extension
since it boosts the input DC voltage without an additional
boosting stage. The buck–boost inverter proposed in [1] can
both buck and boost the input voltage; hence, it can be classi-
ﬁed as an extension of the primitive buck–boost converter.
Applications of this topology may include the start-up and
shut-down of drive systems, where the buck capability would
be of use. Its buck–boost capability can be used in applications
such as dynamic voltage restorers or V/F control of drive sys-
tems. The boost capability may beneﬁt the grid connection of
limited output voltage renewable energy sources. Extending
the boost inverter’s boost capability is the main emphasis of
this work.aculty of Engineering, Alexandria University.
348 A. Abbas Elserougi et al.The voltage source inverter (VSI), current source inverter
(CSI), and Z-source inverter are the prevalent converter topol-
ogies proposed for grid-connected renewable energy systems.
The voltage source inverter (VSI) is the workhorse of the
power converter industry. Its widespread use and versatile
applications span most industrial and commercial sectors.
One of the characteristics of the topology is the stepped down
nature of its output voltage. If one is to consider the applica-
tion of this topology in grid-connected renewable energy appli-
cations, such a characteristic emerges as an important design
factor. In such applications, the low output voltage typical
of renewable sources such as photovoltaic and fuel cell systems
requires proper boosting in order to meet grid interface
requirements. A two-stage power conversion process is thus
typically used. Using an intermediate DC–DC boost converter
is one means of achieving the required voltage boost. This adds
signiﬁcant complexity and hardware to the power conversion
system [2–8]. Alternatively, a bulky low frequency output
transformer to boost the inverter output voltage may be used.
A CSI boosts the input DC voltage to the AC voltage with-
out the boost DC–DC converter stage. The converter power
switches should have a reverse voltage blocking capability or
series connected diodes with the switches. These semiconduc-
tor devices should be able to carry the full input DC current
[8–10]. Ref. [11] provides a detailed comparative evaluation
of VSIs and CSIs for grid interfaces in distributed and renew-
able energy systems.
The Z-source inverter is considered a combination of the
VSI and the CSI. It can be employed to achieve inverting
and buck/boost function in only a single stage. With a speciﬁc
impedance network of capacitors and inductors, the Z-Source
inverter employs the shoot-through states by gating both
upper and lower switches in the same phase legs to boost the
DC voltage without adding a DC–DC converter [12–15].
Buck–boost capability, intrinsic short circuit protection due
to the Z-source arrangement, and improved EMI are consid-
ered advantages of the ZSI over the CSI and VSI.
Single-phase DC–AC boost converters [16–18] can also be
used to connect renewable energy sources to the grid. In [16],
a new single-phase voltage source inverter was described. It
can generate an output AC voltage larger than the input DC
voltage depending on the reference duty cycle [16,17]. Fig. 1a
shows a block diagram of the single-phase boost inverter.
Blocks A and B represent DC–DC converters. These convert-
ers produce a dc-biased sine wave output so that each block
only produces a unipolar voltage. The modulation of eachConverterConverter
A B
Load
+
V1
-
+
V2
-
(a)
Figure 1 (a) Single-phase boost inverter blockconverter is 180 out of phase with the other, which maximizes
the voltage excursion across the load. The load is connected
differentially across the converters. Thus, whereas a dc bias ap-
pears at each end of the load with respect to ground, the differ-
ential DC voltage across the load is zero.
A single-stage three-phase boost inverter is proposed in [18]
with reference to its possible use in distributed power genera-
tion and emphasizing its impact on the overall power quality
and dynamic performance. It provides both DC to three-phase
conversion and voltage boost; moreover, it is comparatively
lower in cost than alternative solutions, is compact, and does
not need switching devices with reverse voltage blocking capa-
bility nor a power transformer [18]. The system consists of
three DC to DC bi-directional boost converters with a com-
mon point as shown in Fig. 1b. These converters produce a
DC-biased sine wave output. The AC component of each con-
verter is 120 out of phase with the other. The main advantages
are the use of only six IGBTs, and its low reactive element
requirements to generate an output AC voltage larger than
the input DC voltage.
Conventional three-phase VSIs have utilized third har-
monic injection to extend the inverter gain by approximately
15% without an additional boosting stage [19–22]. In earlier
work [23], employment of third harmonic injection to extend
the gain of single-stage three-phase grid-connected boost inver-
ter is proposed. Over-modulation technique may be used to ex-
tend the inverter gain as well. In this work, the effect of using
over-modulation on the output voltage of the boost inverter is
studied. The main contributions in this paper can be summa-
rized in the following bullets:
 A study of the effect of modulation index on the THD of
the boost inverter output voltage has been presented.
 A study on the effect of over-modulation on the inverter’s
output voltage has been presented.
 The performance of grid-connected inverter with extended
gain is tested during normal operation as well as in the pres-
ence of grid side disturbances.2. Boost inverter principle of operation
Each phase in the three-phase boost inverter consists of two
IGBTs, one inductor, and one capacitor as shown in Fig. 1.
There is a common point for the capacitors (O), which is con-
nected to the negative terminal of the DC supply. The load is(b)
diagram and (b) three-phase boost inverter.
Table 1 Three-phase boost inverter parameters (MATLAB
model).
Input DC voltage 100 V
Inverter inductance 1 m H
Inverter capacitance 40 lF
Switching frequency 3000 Hz
vAO ref (t) 200 + 100 sin(314t) V
vBO ref (t) 200 + 100 sin(314t  120) V
vCO ref (t) 200 + 100 sin(314t + 120) V
AC load 10 X per phase
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point (N), which is electrically isolated from the capacitors’
common point.
The capacitor reference voltage is composed of two
components:
– AC component (vaco): the AC component of each capacitor
is of equal magnitude but with a mutual phase shift of 120
as shown in (1).
– DC component (VDCo): the DC component should be the
same for all phases and greater than or equal to the sum
of the AC component peak (Vaco) and the DC input voltage
(VDCi).
The load terminals are tapped between the capacitors con-
nected to the upper IGBTs as shown in Fig. 1. This connection
eliminates the DC component present in the voltage between
the capacitors and the common point (O) from the output line
voltage and consequently the output phase voltage. Eq. (2)
shows the converter output line voltages with eradicated DC
components.
vAOðtÞ ¼ VDCo þ Vaco sinðxtÞ
vBOðtÞ ¼ VDCo þ Vaco sin xt 2p
3
 
vCOðtÞ ¼ VDCo þ Vaco sin xtþ 2p
3
  ð1Þ
vABðtÞ ¼ vAOðtÞ  vBOðtÞ ¼
ﬃﬃﬃ
3
p
Vaco sin xtþ p
6
 
vBCðtÞ ¼ vBOðtÞ  vCOðtÞ ¼
ﬃﬃﬃ
3
p
Vaco sin xt p
2
 
vCAðtÞ ¼ vCOðtÞ  vAOðtÞ ¼
ﬃﬃﬃ
3
p
Vaco sin xtþ 5p
6
  ð2Þ
For phase A, considered as a DC–DC boost converter, the
instantaneous voltage gain can be expressed as in (3), where
D is the boost converter duty cycle.
vAO
VDCi
¼ 1
1DArefðtÞ ð3Þ
DA refðtÞ ¼ 1 VDCi
vAO refðtÞ ð4Þ
To get the reference voltage, vAO_ref (t), across the capacitor of
phase A, the instantaneous value of reference duty cycle for
this phase can be obtained from (4).Figure 2 PWM generation.The corresponding pulse width modulated (PWM) pulses
can be easily generated as shown in Fig. 2, where fs is the
switching frequency of the inverter. This can be carried out
on phases B and C in a similar fashion.
The MATLAB/SIMULINK package was used to build a
model of the basic three-phase boost inverter circuit. The
parameters in Table 1 were used to carry out a simulation case
study, and the corresponding simulation results are shown in
Fig. 3. Fig. 3b shows that the AC component of vAO(t) is
unsymmetrical, due to duty cycle variation. This is due to
the fact that capacitor voltage ripples in a boost converter
are linearly dependent on duty cycle. This asymmetry means
that there is an even order harmonic component in the output
voltage. However, the values of even order harmonics in the
output voltage are within the IEEE standard values.
3. Effect of over-modulation technique on the boost inverter gain
3.1. Modulation index
The modulation index of the three-phase boost inverter is de-
rived in terms of its primitive single-phase boost inverter rep-
resentation. For the boost converter, expression (5) describes
the DC gain.
GDC ¼ 1
1DDC ¼
VDCo
VDCi
ð5Þ
M ¼ VacobVaco ¼
Vaco
VDCo  VDCi ¼
Vaco
VDCi
1
GDC  1
 
ð6Þ
Thus, the modulation index of the three-phase boost inverter
can be deﬁned as shown in (6).
3.2. Instantaneous AC gain
The instantaneous gain of the three-phase boost inverter is gi-
ven by (7).
gacðtÞ ¼
voðtÞ
VDCi
¼ VDCo þ Vaco sinðxtÞ
VDCi
ð7Þ
gacðtÞ ¼ GDC þ ½MðGDC  1Þ sinðxtÞ ð8Þ
Substituting from (5) and (6) into (7) yields an expression for
the inverter’s AC gain shown in (8).
The maximum value of instantaneous AC gain is given by
(9). This expression is an important design factor when consid-
ering switch rating selection.
g^ac ¼ GDCðMþ 1Þ M ð9Þ
Figure 3 MATLAB/SIMULINK simulation output of the boost inverter (a) line voltages, (b) capacitor voltage (mAo), and (c) phase
voltage (vAN).
350 A. Abbas Elserougi et al.These relations mean that if VDCi = 100 V and the DC compo-
nent (VDCo) is adjusted to be 250 V (i.e., GDC = 2.5), for prop-
er converter operation (undistorted output voltage), the ACFigure 4 Inverter phase voltage for different values of modula-
tion index.component peak (Vaco) can be varied from 0 to 150 V (M from
0 to 1, i.e., buck-boost capability). The output phase voltage
and capacitor voltage for different values of the modulationFigure 5 Capacitor voltage for different values of modulation
index.
Figure 6 Capacitor voltage during over-modulation (M= 1.15). Figure 7 Output line voltage during over voltage modulation
(M= 1.15).
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justed to 150 V (i.e., unity modulation index), from (9), the
maximum value of the instantaneous AC gain g^ac will be four.
3.3. Over-modulation
The amplitude of the modulating sinusoids can be increased
beyond the difference between VDCo and VDCi for operationFigure 8 Capacitors’ voltage and line voltages for (a)in the over-modulation region. Since the minimum output
voltage of the boost converter is its input voltage (zero duty cy-
cle), setting Vaco greater than VDCo – VDCi (i.e., greater than
150 V for our given data) will clip the capacitors’ voltage at
VDCi (i.e., over-modulation will occur) as shown in Fig. 6.
The corresponding effect on the output line voltage is shown
in Fig. 7. It should be noted that the output voltage magnitudeM= 1, (b) M= 1.5, (c) M= 2 and (d) M= 2.5.
Table 2 Effect of over-modulation.
Modulation index Flat bottom period
M 6 1 =0
1 <M< 2 <120
M= 2 =120
M> 2 >120
Figure 10 Capacitors’ voltage at M= 1.65 and switching
frequency of 3 kHz.Figure 9 Over-modulation analysis.
Table 3 Effect of modulation index variation.
Modulation index Inverter gain THD (%)
0.25 0.25 23.7
0.5 0.5 11.7
0.75 0.7479 7.72
1 0.9942 5.93
1.15 1.113 7.59
1.25 1.181 9.41
1.5 1.338 14.07
1.65 1.426 16.59
Figure 11 Modulation index versus inverter gain.
352 A. Abbas Elserougi et al.increases during over-modulation, but due to the clipping of
the capacitors’ voltage, the waveform is distorted. The period
in which the capacitor voltage is clipped depends on the value
of modulation index. Fig. 8a–d shows the capacitors’ voltage
and the corresponding output line voltages for M equal to 1,
1.5, 2 and 2.5, respectively, assuming a very high switching fre-
quency (fs =1).
It should be noted that the ﬂat bottom portion in the capac-
itors’ voltage will appear only when the modulation index be-
comes greater than unity. At this condition, the capacitors’
voltage is clipped at VDCi for a certain duration depending
on the value of the modulation index as shown in Table 2.
When the ﬂat bottom period is greater than 120, the out-
put line voltages will become discontinuous due to overlapping
between the capacitors’ voltage as shown in Fig. 8d. Hence, for
continuous sinusoidal line voltages, the maximum allowable
duration of the ﬂat bottom is 120 (i.e., Mmax = 2). Veriﬁca-
tion of this for the phase A case is presented in (10)–(13),
assuming an inﬁnite switching frequency.
vAOðxtÞ ¼ VDCo þ Vaco sinðxtÞ ð10Þ
Referred to Fig. 9,
mAOð7p=6Þ ¼ VDCo þ Vaco sinð7p=6Þ ¼ VDCo  0:5Vaco ð11Þ
Also,
vAOð7p=6Þ ¼ VDCi ð12Þ
Substituting from (11) into (12) yields,
VDCo  0:5Vaco ¼ VDCi
VDCo  VDCi ¼ 0:5Vaco )M ¼ 2
ð13Þ
Practically, for VDCi = 100 V, L= 200lH, C= 100lF,
VDCo = 250 V and a switching frequency of 3 kHz,Mmax is re-
duced to 1.65 as shown in Fig. 10.
3.4. Total harmonic distortion
The effect of modulation index variation and over-modulation
on the THD of the output voltage is studied in this section, andthe results are tabulated in Table 3. Assuming that
VDCi = 100 V, L= 200lH, C= 100 lF, VDCo = 250 V, and
switching frequency is 3 kHz. Fig. 11 shows the relation be-
tween modulation index and inverter gain. Fig. 12 shows the
Figure 12 Modulation index versus output voltage %THD.
Studying the effect of over-modulation on the output voltage of three-phase single-stage grid-connected boost inverter 353relation between modulation index and %THD of the output
voltage. From the results shown in these ﬁgures, it is clear that
for a desired AC component, it is recommended to operate the
three-phase boost inverter at unity modulation index to avoid
high THD values. This can be done by adjusting VDCo to equal
the sum of the desired Vaco and VDCi.Figure 13 Increasing fundamental output4. Third order harmonic injection
Operating in the over-modulation region results in distorted
output. Alternatively, third harmonic injection can be used
as a means to extend the inverter gain to 1.15 without adding
more stress on switches or distorting the output voltage wave-
form. The main disadvantage of this method compared to
over-modulation is its limited gain. Third harmonic injection
is commonly used to extend the linear range of the conven-
tional VSIs, producing a ﬂat-topped modulating signal, and
hence better DC-link utilization [19–21].
The most common implementation method involves the
addition of a third order harmonic to the modulating signal.
The addition of a one-sixth per unit third order harmonic to
the modulating signal has the effect of reducing the peak by a
factor of 0.866 without inﬂuencing the amplitude of the funda-
mental [22]. This process is illustrated in Fig. 13. It is thus possi-
ble to increase the amplitude of the modulating wave and hence
better utilize the inverter DC-link as shown in Fig. 13c. Fig. 13
shows the effect of third harmonic addition to the modulating
waveform. An increase of 15% in the fundamental of the phase
and line voltage waveforms has been obtained. The line-to-line
waveform is free of any third order harmonics due to the com-
mon mode nature of the injected harmonic.
For VDCi = 100 V and VDCo = 250 V, employing a pure
sinusoidal PWM would yield a maximum voltage of 150 V.voltage by addition of third harmonic.
Figure 14 (a) Phase voltage (vAN) with and without adding third harmonic injection and (b) reference of capacitor voltage (phase A).
Figure 15 Block diagram of grid-connected boost inverter.
354 A. Abbas Elserougi et al.With third order harmonic injection, the output phase voltage
reaches 172.5 V. The simulation results shown in Fig. 14 verify
the possibility of increasing the gain of the three-phase boost
inverter through third order harmonic injection into the mod-
ulating signal. Multiples of the third order harmonic can also
be added to the modulating signal, which will only slightly en-
hance converter gain. It is obvious that the THD of the output
voltage is increased from 6.3% to 8.6% when third order har-
monic injection is applied.5. Grid-connected mode
Fig. 15 shows the block diagram of the grid-connected boost
inverter. Where Pref, Qref, Vg, Ig, Lg, Vgd, Igd, and Igq are refer-
ence of grid active power, reference grid reactive power, grid
voltage, grid current, interface grid inductance, direct compo-
nent of grid voltage, direct component of grid current, and
quadrature component of grid current, respectively.
Table 4 Grid-connected boost inverter parameters.
Input DC voltage 100 V
Grid inductance 0.3 mH
Inverter inductance 1 mH
Inverter capacitance 0.04 mF
Switching frequency 3 kHz
Inverter full load current 30 A (peak)
Reference grid active and reactive powers 4 kW, zero VAR
Grid voltage (peak) 100 V (phase)
Figure 17 Case 2 simulation results (grid-connected inverter
during abnormal operating conditions).
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ponents that govern the power ﬂow. A saturation block is used
to deﬁne the limited overload capability of the inverter. The
maximum allowable current is adjusted to be 1.5 times the in-
verter full load current as the inverter switches cannot be over-
loaded. A current controller is used to obtain the AC
component of capacitor reference voltage. A suitable DC com-
ponent is added to the AC component to obtain the inverter
reference voltage. The DC component is selected to guarantee
proper operation at unity modulation index (minimum THD),
i.e., VDCo = Vaco + VDCi. If third order harmonic injection is
used, the harmonic component is also added as shown in
PWM generator for phase A in Fig. 15.
The performance of the grid-connected boost inverter dur-
ing normal as well as abnormal conditions is studied in this
section. The grid-connected boost inverter parameters are gi-
ven in Table 4. Simulations have been carried out using MAT-
LAB/SIMULINK.
 Case 1: this case studies the performance of the boost inver-
ter during normal/healthy conditions. The simulation
results are shown in Fig. 16.Figure 16 Case 1 simulation results (grid-connected inverter
during normal operating conditions). Case 2: in this case, the grid is subjected to 50% voltage sag
to emulate remote fault condition. The fault starts at 0.05 s
and is cleared at 0.1 s. It is expected that the fault level
increases at the speciﬁed fault location but due to the lim-
ited overload capability of the inverter, the reference volt-
age is decreased automatically to limit the fault current to
1.5 times the full load current, and the simulation results
for this case are shown in Fig. 17. It is obvious that the
power is decreased from 4 kW to 3.4 kW due to current lim-
iting capability of inverter. For any given power reference
and measured grid voltages, the reference currents are cal-
culated. If the reference current magnitudes are larger than
the maximum allowable current, the reference current mag-
nitude is reduced to be equal to the maximum current to
avoid any electrical stresses on semiconductor devices; this
reason makes the injected power to the grid lower than
the reference value.
6. Experimental results
An experimental setup was built as shown in Fig. 18 to conﬁrm
the boosting capability. It consists of a three-phase inverter
employing six IGBTs driven by a high voltage driver, three
capacitors, three inductors, a resistive load, and DC supply.
The gate pulses at a 3 kHz switching frequency are generatedTable 5 Experimental prototype parameters.
Input DC voltage 30 V
Output DC components 60 V
Phase voltage (peak) 30 V (i.e., M= 1)
Figure 18 Three-phase boost inverter experimental setup.
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sired phase voltage. The system parameters are shown in
Table 5. The experimental results for this system are shown
in Fig. 19a and b. The over-modulation condition is tested
by increasing the phase voltage magnitude by 33.3% as shown
in Fig. 19c.Figure 19 (a) Phase voltages, time base 4 ms/Div and voltage base 10
20 V/Div, (c) capacitor and line voltage during over-modulation, time b
voltage during third harmonic injection, time base 4 ms/Div and voltaInverter gain was extended by 15% using third order har-
monic injection, i.e., the new AC component can be mathemat-
ically written as {30(1.15 sin (wt) + 0.19 sin (3wt)}. The
corresponding experimental results are shown in Fig. 19d.
The performance of a grid-connected boost inverter during
normal operating conditions was also tested experimentally. InV/Div, (b) capacitors voltage, time base 4 ms/Div and voltage base
ase 4 ms/Div and voltage base 50 V/Div and (d) capacitor and line
ge base 50 V/Div.
Figure 20 Capacitor voltage (20 V/Div, 20 ms/Div).
Figure 21 Inverter output voltage (10 V/Div, 20 ms/Div).
Figure 22 Channel 1: grid voltage, channel 2: current from grid
to inverter.
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amount of power (30 W) to the grid. The corresponding exper-
imental results are shown in Figs. 20–22. The ﬁgures illustrate
that there is an acceptable transient period during the start-up
of a boost inverter circuit. The control algorithm is adjusted to
select a suitable reference voltage to the boost inverter to fulﬁll
the requirements. Fig. 20 shows the capacitor voltage, which
includes two components, AC (30 V) and DC (30 V); the value
of the DC component is selected via the control algorithm toguarantee minimum THD of the output voltage. Fig. 21 shows
the inverter output voltage (30 V peak per phase) feeding a
load (30 X) and coupled to the grid via an interface impedance
of (1 + j3 ohm). The grid voltage is adjusted to 30 V peak per
phase via an auto-transformer. The grid reference power is ad-
justed to 30 W resulting in the current shown in Fig. 22 (the
measured current direction was from grid to inverter). The in-
put DC current, measured using a permanent magnet moving
coil instrument, was 2.6 A, i.e., the input power is 78 W. This
amount of power is injected from the inverter to the load
(45 W) and to the grid (30 W) in addition to the circuit losses.
7. Conclusion
This paper addresses a three-phase boost inverter suitable for a
single-stage connection of renewable energy sources to the
grid. The converter possesses the beneﬁts of reduced hardware
requirements and an improved gain. The main contributions of
the paper can be brieﬂy summarized in three main points as
follows:
(1) The effect of modulation index variation on THD of the
output voltage is studied.
(2) Employing over-modulation technique and third order
harmonic injection to extend the gain of the boost
inverter.
(3) The performance of the extended gain converter in nor-
mal operation as well as during disturbances was
evaluated.
Simulation results supported by experimental veriﬁcation
show the effectiveness of the grid-connected boost inverter
during normal operation well as in the presence of grid side
disturbances.Acknowledgment
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